We demonstrate the accuracy of commercial telecommunications industry software for modelling Yb-fiber amplifiers. Simulations enabled optimisation of a broad bandwidth ultra-short pulse four-stage amplifier system. The predicted results were confirmed by experiments.
Introduction
High average power Ytterbium (Yb) fiber amplifiers are now producing >2 kW in a continuous-wave format, and >220 W in a pulsed configuration, and are therefore attractive for a wide range of applications. However, the threelevel nature of the Yb-system causes the wavelength dependant gain profile to vary significantly depending on the interplay of pump and signal power, wavelength, amplifier length, and pump configuration, making the design and optimisation of an amplifier system for a given application a complex problem [1] . Optimising the overall gain bandwidth is of critical importance for high power ultra-short pulse chirp-pulse-amplifier (CPA) [2] and parabolic amplifier systems [3] , since gain-narrowing of the pulse bandwidth otherwise limits the minimum pulse duration. Existing experimental and numerical approaches for optimising cascaded amplifier chains soon become overly complex for all but the most experienced researchers. Here we report for the first time, to our knowledge, use of commercial telecommunications software developed for Erbium amplifiers by "VPI systems" (www.vpisystems.com) with a customised module to allow for modelling of Yb amplifiers.
Experimental verification of model
The model solves the rate and propagation equations using the effective-overlap factor approach of Giles et al. [4] :
… for pump, signal and amplified spontaneous emission. In order to achieve good agreement between experiment and theory it is critical to use the Yb absorption and emission cross sections ) ( / l s e a appropriate to the core glass host. The variation of these cross sections can be significant with core glass composition, as can be seen in Fig2 where we plot measured cross sections for the Yb/P/Al silicate fiber based core-pumped amplifiers and Yb/Al silicate fiber based cladding pumped amplifiers modelled in this work. For high power systems the use of cladding pumped fibers is essential and we accommodated these within our model by adjusting the pump overlap factor pump G to account for the much lower pump overlap with the doped core.
We first verified the accuracy of the model by comparing our numerical predictions with experimental measurements on a single stage core-pumped amplifier as shown in Fig. 1. a) , b). We also verified good experimental agreement with our modelling for a single stage cladding pumped amplifier as shown in Fig. 1. c), d) . 
Broad-bandwidth high-power amplifier cascade
We have used the power and flexibility of the VPI software package to maximise the gain bandwidth from a complex, high gain four stage amplifier cascade encompassing both core and cladding pump technology and compared our modelling predictions with experimental data. The system is shown in Fig. 2.(b) . We used the
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1-55752-813-6/06/$25.00 ©2006 IEEE measured spectrum of our 150 fs seed pulse laser centred at 1055 nm as the input spectrum, and for the final amplifier, we modelled the 975 nm pigtailed pump diode with 25 W in a 200 micron delivery fiber. Preserving the bandwidth of our femto-second mode-locked oscillator [3] in a system combining core-and cladding-pumped amplifiers was a key challenge. Each amplifier design was optimised to provide a combination of high-gain and broad-bandwidth. The individual amplifier designs were then used in a cascaded simulation to predict the input pulse for the next amplifier stage.
Experimental and simulation results for the entire cascade are shown in Fig. 3 . at an output power of 10 W (~60 dB total gain). The modelled gain profile g(l) in Fig. 3(a) , shows how high gain pre-amplifier designs created a profile peaked at 1030 nm after the two core-pumped amplifiers, but that the overall system gain is more closely matched to suit the pulse spectrum. This result demonstrates the power of modelling to optimise the cascade as well as the individual components. Fig. 3(b) shows that we achieved good agreement between the modelled and experimental pulse spectrum after the two core-pumped amplifiers on a dB scale. Fig. 3 (c) , (d) shows good agreement between the modelled and experimental pulse spectrum after the whole system on both dB and linear scales. 
Conclusion
We have demonstrated the application and accuracy of commercial software for predicting the performance of both core-and cladding-pumped Yb-fiber amplifiers. Simulations were applied to the design a broad bandwidth fouramplifier cascade. Gain shaping predictions were found to be in good agreement with experimental results. Our results show that such software can prove a very flexible and valuable tool for experts and non experts alike working with high power Yb-based fiber amplifier and laser systems.
